A comparative study is made of the laser damage resistance of hafnia coatings deposited on fused silica substrates with different technologies: electron beam deposition (from Hf or HfO 2 starting material), reactive low voltage ion plating, and dual ion beam sputtering. The laser damage thresholds of these coatings are determined at 1064 and 355 nm using a nanosecond pulsed YAG laser and a one-on-one test procedure. The results are associated with a complete characterization of the samples: refractive index n measured by spectrophotometry, extinction coefficient k measured by photothermal deflection, and roughness measured by atomic force microscopy.
Introduction
HfO 2 is one of the most important high index materials for the production of optical multilayer coatings for UV to IR applications. In addition to its good optical and mechanical properties, HfO 2 is also known for its high laser-induced damage threshold (LIDT). It has been shown through different studies [1] [2] [3] [4] [5] that hafnia coatings with very high laser damage threshold from the deep ultraviolet (DUV) to the IR can be produced by electron beam evaporation. In this case the best thresholds for hafnia have been obtained by reactive evaporation of hafnium. Indeed it has been shown that, when optimized, this technique reduces the number of defects [1, 4] compared to evaporation from HfO 2 . However, coatings produced with these technologies are rather porous and cannot be used for very demanding applications where multilayer coatings with complex spectral characteristics are to be produced. On the contrary, the use of plasma or ion assistance during deposition produces films with densities approaching that of the bulk material, with larger refractive index, better mechanical and structural properties, and less effect by the environment [6, 7] . But for these last technologies, the laser damage resistance is still a key limitation [8, 9] .
The improvement of the laser damage resistance of dense layers has therefore a considerable interest for the community. As a consequence, in an effort to produce multilayer coatings for high power applications, we present a comparative study of the laser damage resistance of hafnia coatings deposited with different assisted and unassisted deposition techniques. These coatings have been produced with the optimized process developed at the Fresnel Institute for this material. The work presented in this paper follows a first study made on a low index material (silica) [10] .
In Section 2 a description of the different produced samples is given, along with the process parameters used for deposition. In Section 3 the results of the nondestructive characterizations are given. In Section 4 the experimental setup and procedures for laser-damage testing are described and the results are presented. This is followed by a discussion in Section 5 on the obtained laser damage thresholds.
Samples Preparation

A. Samples Description
The substrate choice and preparation (cleaning and polishing) are critical for the production of coatings for high power applications, and they can ultimately limit the thresholds for a given coating [11, 12] . For this study we used 1 in. (2.5 cm) diameter fused silica substrates (Corning 7980) polished for high power applications. All the substrates come from the same batch and have been polished at the same time.
To clean these substrates, we used an automatic aqueous cleaning procedure, involving ultrasonic immersion and detergents followed by deionized water rinsing and drying.
The samples were prepared by electron beam deposition using either a hafnium or hafnia source (respectively, the samples are called EBD-Hf or EBDHfO 2 in the following text), reactive low voltage ion plating (RLVIP), and dual ion beam sputtering (DIBS). Hafnia being a material that can be used in the UV or IR region, our aim was to test them at 355 and 1064 nm (first and third Nd:YAG harmonics). However, to have comparable results at a given wavelength, it is necessary to ensure that the optical thicknesses of the different samples are the same, in order to have the same standing electric field in the coating. Then, a first series of samples, half-wave at 1064 nm, was made for testing at 1064 nm and a second series, half-wave at 355 nm, was made for 355 nm testing. Two samples were made for each thickness: one for the laser damage tests and one for the nondestructive characterizations, in order to avoid contamination effects before measurements. A bare substrate was also associated with each deposition technique (i.e., cleaned and stocked in the same conditions) and laser-damage tested.
To summarize, the samples and their denomination used in this paper are referenced in Table 1 .
B. Deposition Procedures
The equipment used for electron beam deposition (EBD) and ion plating is a Balzers BAP 800 reactive ion plating system. This equipment and its configuration are described in more detail in Ref. [13] . The chamber contains two crucibles heated by electronbeam guns and a source of argon plasma used in the ion plating process. In the absence of use of this source, the layers are obtained through a standard EBD process. The rate of evaporation during the deposition is controlled by a quartz-crystal monitor, and the optical thicknesses of the layers are controlled by an in situ optical monitoring system. The EBD layers were deposited using either a hafnium or a hafnia starting material. The RLVIP samples were made from a hafnium starting material.
Teers Coating equipment was used for the dual ion beam sputtering process. With this technique, a first ion source is use for sputtering a plane target (hafnium), and a second ion source is directed toward the substrates for providing argon ions, whose energy is used to compact the layer material. The vacuum chamber is also equipped with quartz-thicknesscontroller and in situ optical monitoring.
The different parameters used for these experiments are reported in Table 2 (the same parameters were used for the layers ͞2 at 355 nm and ͞2 at 1064 nm).
Nondestructive Characterizations
A. Refractive Index
The film's transmittance and reflectance spectra were measured with a Lambda 18 PerkinElmer spectrophotometer, in order to calculate the refractive index n. The n value is obtained by fitting the R and T measurements with a numerical method.
The determined refractive-index dispersion curves are plotted in Fig. 1 , and the refractive indices at 355 and 1064 nm are compared in Fig. 2 . These values have been measured on the thickest films (͞2 at 1064 nm).
The RLVIP film exhibits the larger refractive index, which is very close to the bulk value reported for hafnia [14] . The refractive index value being an indication of the film density, films with bulk density are obtained with this technology. Similar results were found for EBD-Hf and EBD-HfO 2 technologies. These evaporated films have the lowest refractive index, due to their reduced density (linked to the porous structure), as commonly observed. The DIBS films are intermediate between these two behaviors.
B. Extinction Coefficient
Optical absorption is a limiting factor for laser damage resistance of optical coatings. The extinction coefficient k is a good indication of the coating quality; it is associated with nonstoichiometry, defects, and contaminations. However, in the case of low-loss optical coatings, this value cannot be determined directly by reflectance and transmittance measurements. With this technique the loss measurements , and scattering losses cannot be separated from absorption losses. The photothermal deflection technique is an adequate method for measuring absorption losses in the 10
Ϫ4
-10 Ϫ7 range [15] . Furthermore, the extinction coefficient k can be calculated from the absorption measurement, knowing the refractive index n and thickness.
To measure our samples, we used the photothermal deflection setup described in Ref. [16] . The pump beam was a cw argon laser (Spectra Physics 2065-7S Beamlock) tuned to operate in the mid-UV argon lines (333.6Ϫ363.8 nm). The beam was modulated at 1500 Hz and focused on the sample with a 15 m beam diameter (diameter at 1͞e 2 ). The probe beam was a He-Ne laser working in the transmission configuration.
With this technique, calibration is needed to obtain the absorption value from the measurement of the deflection signal. We performed calibration by comparing the deflection caused by the absorption of the sample with that of a sample of known absorption. In this case it was titanium-implanted silica substrates, having the same thermal properties as the samples under test. The validity of this calibration procedure has been shown in Ref. [17] . The lowest measurable absorptance that could be detected was 10
Ϫ7
. The mean absorption was measured with this setup on the different samples. The extinction coefficient was then obtained, assuming bulk absorption in the layer and neglecting interfacial absorption, by using the relation between the absorption A and k [18] :
with n as the refractive index of the layer determined previously, e as the layer thickness, n 0 as the air refractive index, E͑z͒ as the electric field in the layer as a function of the depth z, and E inc as the incident electric field. The results obtained with this method are plotted in Fig. 3 . These results are linked to the damage measurements in Section 5.
C. Roughness
The surface roughness was measured with an atomic force microscope (Quesant Q-scope 250). We used the contact mode imaging with a scanned area of Fig. 4 .
A relatively large roughness is found for the EBD samples, since a columnar structure is inherent to the technology. For the RLVIP, the roughness is found similar to the substrate roughness, which is a satisfactory result for an assisted technology. It is also the case for the DIBS layers ͞2 at 355 nm, but the thickest layer exhibits an anomalous high roughness (one possible explanation for this high surface roughness is microcrystallization of the material).
Laser Damage Measurements
A. Experiment and Test Procedure
The configuration used for LIDT measurements is described in Fig. 5 . The laser source is an injected Nd:YAG laser (Quantel YG 980) with a pulse duration of 11 ns (effective pulse duration at 1͞e [19] ) and a maximum repetition rate of 10 Hz. The laser can operate at 1064 or 355 nm, with a maximum energy of 1.5 J at 1064 nm and 450 mJ at 355 nm. It works at a repetition rate of 10 Hz to keep a good stability of energy and beam characteristics. A mechanical shutter permits working in single shot mode. Energy of the beam is controlled with a variable attenuator (half-wave plate and polarizer).
The laser beam (linearly polarized and in normal incidence) is focused on the front face of the coated sample (see Fig. 5 ) with a plano-convex lens at 1064 nm (f ϭ 35 mm) and an objective in the case of 355 nm (f ϭ 11.5 mm). The spot size has been measured in the sample plane with a beam analyzer. The spot diameter is 44 m at 1064 nm and 3 m at 355 nm (diameter at 1͞e).
The damage detection is done by comparing the area before and after irradiation with an imaging system (magnification: 216ϫ) and image processing software. The damage criterion is then any visible modification detected with this system.
For each shot, energy is measured with a pyroelectric detector and recorded. The fluence is then calculated according to the International Organization for Standardization (ISO) standard by using the effective spot size [19] .
The LIDT measurement setup is fully automated, which allows one to measure laser damage probabilities with a great number of points. In this study, the damage test procedure one-on-one is used: by counting the number of damaged regions at each fluence F we estimate and plot the damage probability curve P(F). To have good accuracy of the measurement, each curve P(F) is plotted with 1000 data points that involve 20 different fluences and 50 tested regions at each fluence.
B. Results
The test results are plotted in Fig. 6 for 355 nm and Fig. 7 for 1064 nm. The curves in these figures are the fit of the experimental points with a statistical model relying on the hypothesis of defect initiation (see Ref. [12] ). The shape and threshold of these curves are linked to the initiator characteristics. However, the analysis of these curves, as well as the scaling of laser-induced damage with spot size, will be reported at a later date since this study is more focused on comparisons of the technologies. The LIDTs of the films, i.e., highest fluence where no damage is observed, are the following: One difficulty in laser damage testing is often to compare laser damage performances of a particular material between different testing facilities, where large discrepancies are found between publications. Indeed, the damage threshold can be linked to many factors such as the test procedure, the beam profile, the wavelength, the pulse profile and duration, and the number of shots. For this reason we also give the LIDT of the substrates (polished, cleaned, and stocked with the coatings substrates) tested in the same experimental conditions shown in Fig. 8 (18 J͞cm 2 at 355 nm and 83 J͞cm 2 at 1064 nm).
Discussion
The best threshold in the IR is found for the RLVIP technique, and the worst result is obtained for EBDHf. This is quite surprising compared to general results in this field where EBD-Hf is found to be the best technology, particularly at 1064 nm. This indicates that the deposition parameters chosen are far from optimal for the EBD-Hf process and can be further optimized for 1064 nm applications (a high roughness is also found for this film). Nevertheless, in the same conditions a relatively good threshold and very low extinction index are found at 355 nm for this technology.
For the DIBS thin films tested at 355 nm, a very low LIDT is found. This is associated with a high extinction coefficient and a damage morphology evidencing burning and melting of the film. In this case, damage is linked to the high intrinsic absorption level of the film, and thermal melting of the material is the main laser damage mechanism. This can be due to a stoichiometric problem of the film, such as oxygen deficiency, linked to the bombardment process or the relatively low substrate temperature compared to other technologies. Indeed, these parameters critically affect the nucleation, growth, and final composition of the film [8] . The optimization of the DIBS process for UV applications seems delicate: no reports of high LIDT DIBS films in the UV have been published to our knowledge.
As concerns the damage mechanisms involved, except for the DIBS films tested at 355 nm, damage is linked to the defective nature of the films. The laser damage morphologies observed are small pits appearing under the irradiated area. In this work, the tested samples have a half-wave optical thickness, and in this case damage must predominantly occur at or near the interfaces where the standing electric field is maximum (see Fig. 9 , where we have plotted the standing electric field distribution for the different samples).
Conclusion
Single layers of HfO 2 have been deposited on fused silica with different assisted and nonassisted deposition techniques. The coatings have been characterized with respect to their optical (n, k) and structural properties (surface roughness), as well as the laserinduced damage threshold under 355 and 1064 nm nanosecond laser radiation.
The LIDTs are strongly dependent on the deposition technique but also on the test wavelength. No correlations were found between LIDT at 355 and 1064 nm.
The evaporated films exhibit good thresholds (even if EBD-Hf needs to be optimized at 1064 nm) but suffer of course from high roughness and low density, which prevent their use in very demanding systems.
Eventually, the ion plating technique appears to be the more promising for producing dense films for high power applications at 355 and 1064 nm, since it exhibits simultaneously good optical (n and k) and structural (roughness) properties, combined with a high LIDT. While this technology appears well optimized, further improvement with respect to a lower absorption in the UV region can be achieved for the DIBS process.
Then the next step of our studies will be the production and testing of SiO͞HfO 2 multilayer components with the different technologies. For this application, hafnia will be the limiting material. Indeed, silica films exhibit higher LIDT when produced in the same conditions [10] .
